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Grinding processA new kinetic analytical method for evaluating the grinding rate constant via the uniformity of the particle
size distribution during a grinding process was investigated. The grinding experiments were carried out at
various slurry concentrations. A stirring ball mill was used. The relationship between the uniformity of the
particle size distribution and the uniformity grinding rate constant K was evaluated. The value of K decreased
with the increase in the uniformity of the ground sample, and varied with the experimental conditions.
The value of K, which is related to the uniformity of the raw sample, increased at low slurry concentrations.
© 2013 The Authors. Published by Elsevier B.V. All rights reserved.1. Introduction
The properties of ground materials are deﬁned by the particle size
distribution. Analysis of the particle size distribution to determine the
grinding characteristics may be done using mathematical modeling.
The primary goal of mathematical modeling is to provide a practical
tool for the scale up, design, simulation, control, and optimization of
industrial grinding circuits. The general analysis in grinding modeling
uses population balance models based on ﬁrst-order kinetics. The
population balance model, a widely accepted description of the grind-
ing kinetics [1–12], was ﬁrst proposed by Reid [1]. The signiﬁcance of
grinding kinetics is underscored by its relation to the properties of
ground materials. Thus, the grinding rate constant is an important
quantity used in estimating the characteristics of a grinding process.
Many investigators have analyzed the grinding kinetics during opera-
tion of various grinding equipment and have found good agreement
between results calculated using models and those obtained experi-
mentally [4–7]. The models require the determination of breakage
and selection functions calculated from the results of batch grinding
experiments. Such experiments use particle size ranges divided intoerms of the Creative Commons
tribution, and reproduction in
re credited.
+82 55 261 7017.
.
blished by Elsevier B.V. All rights rea geometric sequence [10–16]. Several studies on grinding kinetics
under various experimental conditions were performed to determine
the grinding rate constant. These studies report that the grinding rate
varied with experimental conditions [8–12]. Speciﬁc experimental
conditions have been observed to contribute to increased grinding
rates [10–12]. The grinding rate constant (K), which is used in
the grinding kinetics equation, was experimentally determined on
the basis of the grinding kinetics analysis of the speciﬁc surface area
[13–19]. For example, in studies wherein the grinding consumption
power was measured, the particle size distribution of ground
products was obtained under various grinding conditions. The effect
of grinding aids on the value of K was also investigated [10]. In
the present study, we propose a new method for the evaluation
of the uniformity grinding rate constant, hereafter designated as K,
based on the uniformity of the particle size distribution during the
grinding process. In previous studies, the uniformity rate constant
has been calculated on the basis of analysis of the grinding rate pro-
cess [4–7,15,16]. In this work, the effect of experimental conditions
on the value of K was examined by the uniformity of the particle
size distribution. Plots of the particle size distribution were used to
determine the percentages of the main particle sizes necessary for
classiﬁcation of ground samples. The uniformity of the particle size
distribution was calculated using the uniformity equation. Analysis
of the uniformity constant based on the rate revealed that the produc-
tion rate could be expressed as an exponential function of the sample
concentration.served.
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All grinding experiments were carried out using a vertical stirring
ball mill (KMD-1B, KoreaMaterial Development) [10–12]. The cylindri-
cal pins (10 mmdiameter, 78.0 mmlength) are arranged at right angles
to each other. The net inner volume of the milling chamber is 0.95 L.
Alumina balls (99.9% purity, 1.0 mm diameter, 3600 kg/cm3density)
were used as the grinding medium (Nikkato, Japan). Calcite powder
with a median particle diameter of 10.41 μm was used as the ex-
perimental sample. The grinding rotation speed was varied from 300
to 700 rpm, and the slurry sample concentration was varied from
10 wt.% to 60 wt.%, respectively. The experiment was performed
at room temperature. The particle sizes of the milled powders were
analyzed using a particle size analyzer (MastersizerMicro Plus, Malvern
Instruments, U.K.) [10–12].
3. Results and discussion
Fig. 1 shows the particle size distribution of the products obtained
at various slurry concentrations and rotation speeds. Decreasing
the slurry concentration not only resulted in ﬁner products but also
narrowed the particle size distribution by reducing the size and fraction
of coarse particles. The particle size distribution of the rawmaterial was
broadly bimodal. As the slurry concentration increased from 10 wt.% to
60 wt.%, the gap between the ﬁne and coarse modes of the bimodal
distribution became gradually narrower; the height of the ﬁne-mode
peak increased as that of the coarse-mode peak decreased. Eventually,Fig. 1. Particle size distribution of ground samples plotted against slurry concentration
at various experimental conditions (rotation speed: (a) 300, (b) 700 rpm; grinding
time: 7.5 min).the peak of the coarse mode disappeared and the particle size distribu-
tion of the ground samples becamenarrowandmonomodal at 700 rpm
and at low slurry concentrations.
Changes in the value of the uniformity based on the particle size
distribution were plotted against the grinding time (Fig. 2). The value
of the uniformity was obtained using Eq. (1). Since the introduction of
model-independent algorithms, many investigators have begun using
various calculations to describe the distribution width. One of the
common parameters used in laser diffraction studies is the uniformity,
the strict deﬁnition of which is shown in the Eq. (1):
uniformity −½  ¼ x90−x10ð Þ
x50
: ð1Þ
Here, the volume median diameter x50(D(v,0.5)) is the value
above which 50% of the volume distribution lies; the other 50%
lies below this value. Two determinations of the median particle
size should not differ by more than 5% relative, and the shape of the
curves in the two determinations should be the same. The quantity
x90(D(v,0.9)) signiﬁes that 90% of the volume distribution is below
this value. Similarly, x10(D(v,0.1)) indicates that 10% of the volume
distribution is below this value. The uniformity is the width of the
distribution based on the 10%, 50%, and 90% quantiles. A three-point
speciﬁcation featuring x10, x50, and x90 is considered complete and
appropriate for most particulate materials. The slopes of the lines in
Fig. 2 allow an estimation of the grinding rate. The slopes suggest
that the production rate constant is dependent on the sample concen-
trations. Since the value of K is equal to the slope, K is dependent on
the slurry concentration. Values of K were estimated in this mannerFig. 2. Changes in the value of theuniformity of groundparticles plotted against the grinding
time at various slurry concentrations. (rotation speed: (a) 300, (b) 700 rpm; grinding time:
7.5 min).
Fig. 3. The uniformity rate constant K plotted against the slurry concentrationCs at various
mill rotation speeds.
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plotted in Fig. 3.
Variation of the slopes in Fig. 3 with the experimental conditions
indicates that K is dependent upon Cs. The linear dependence of K
on Cs suggests that K decreases exponentially with increasing sample
concentration, whereas it increases exponentially with decreasing
rotation speed of the grinding mill. Therefore, starting the grinding
process at a high rotation speed and using lower sample concentra-
tions could increase the grinding rate [11]. Based on the kinetic anal-
ysis of the uniformity of the particle size distribution, the K value
decreases with the increase in sample concentration. These observa-
tions are similar to the results of previous investigations on various
grinding rate constants [10–16]. The value of K also decreased with
the decrease in rotation speed, as indicated by the value of the exper-
imental constant b. Thus, we conﬁrmed that sample concentration
signiﬁcantly affected the grinding rate during the grinding process.
In previous studies, low sample concentrations have been observed
to increase signiﬁcantly the grinding rate, especially at low rotation
speeds [11]. The K for various sample concentrations improved by
as much as 1.6 times at 700 rpm and 3.6 times at 300 rpm. These re-
sults suggest that the main beneﬁcial effect of low sample concentra-
tions at low rotation speeds of the grinding mill is the full utilization
of the grinding medium inside the mill. This occurs by reducing the
slurry viscosity during the wet-grinding processes. In addition, low
sample concentrations minimize the attractive forces among ﬁne
particles and thereby lead to better dispersion and particle ﬂow.
Our kinetic analysis of the uniformity of the particle size distribution
of the ground samples conﬁrmed that controlling sample concentra-
tion is very effective in achieving high grinding rates.
4. Summary and conclusions
The experimental grinding rate was determined and the uniformity
grinding rate constant K was evaluated from the uniformity of particle
size distribution of ground samples. These two quantities were studied
using the grinding kinetics equation. Grinding of the wet, ultraﬁne
calcite powder in a stirring ball mill was investigated. In particular,
the effect of slurry concentration on the size of theﬁnal groundpowders
was examined. According to the trend of the K values, the grinding rate
varied with sample concentrations. In particular, lower sample con-
centrations led to higher grinding rates. A simple mathematical model
based on these experimental observations was proposed to describequantitatively the grinding behavior in terms of the particle size distri-
bution uniformity and the K value. On the basis of the trend of the K
values, the production rate of the ﬁne powder could be expressed as
an exponential function of the relationship between the uniformity of
the particle size distribution and the sample concentration. The model
based on the empirical K value and sample concentration provides
a good ﬁt to the experimental grinding results. The K value at various
sample concentrations increased by as much as 1.6 times at 700 rpm
and 3.6 times at 300 rpm. Analysis of the uniformity of the particle
size distribution during the grinding process conﬁrmed that low sample
concentrations led to a marked increase in grinding rates.Acknowledgment
This work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korea Government (MEST)
2012-009451.References
[1] K.J. Reid, A solution to the batch grinding, equation, Chemical Engineering Science
20 (1965) 953–963.
[2] T. Tanaka, A new concept applying a ﬁnal ﬁneness value to gringing mechanism—
grinding test with frictional and impulsive force, Journal of Chemical Engineering
Japan 18 (1954) 160–171.
[3] G. Jimbo, Chemical engineering analysis of ﬁne grinding phenomena and process,
Journal of Chemical Engineering Japan 25 (2) (1992) 117–127.
[4] G. Matijasic, S. Kurajica, Grinding kinetics of amorphous powder obtained by sol–
gel process, Powder Technology 197 (2010) 165–169.
[5] B.-P. Ian, J.-P. Bailon, L.G. LEsperance, Ball mill grinding kinetics of master
alloys for steel powder metallurgy applications, Powder Technology 210 (2011)
261–272.
[6] M. Gao, E. Forssberg, Prediction of product size distribution for a stirred ball mill,
Powder Technology 84 (1995) 101–106.
[7] T.S. Elias, The energy distribution theory of comminution speciﬁc surface
energy, mill efﬁciency and distribution mode, Minerals Engineering 20 (2007)
140–145.
[8] W.S. Choi, Grinding rate improvement using a composite grinding ball size for an
ultra-ﬁne grinding mill, Powder Technology 100 (1998) 78.
[9] W.S. Choi, H.Y. Chung, B.R. Yoon, S.S. Kim, Applications of grinding kinetics analysis
toﬁne grinding characteristics of some inorganicmaterials using a composite grinding
media by planetary ball mill, Powder Technology 115 (2001) 209–214.
[10] H. Choi, W. Lee, S. Kim, Effect of grinding aids on the kinetics of ﬁne grinding
energy consumed of calcite powders by a stirred ball mill, Advanced Powder
Technology 20 (2009) 350–354.
[11] H. Choi, W. Lee, S. Kim, H. Chung, Effect of sample concentration on the submicrometer
particles produced during a stirred ball milling of calcite powders, International Journal
of Applied Ceramic Technology 8 (5) (2011) 1147–1152.
[12] H. Choi, W. Lee, S. Kim, J. Hwang, Application of grinding kinetics analysis of
inorganic powders by a stirred ball mill, Korean Journal of Chemical Engineering
26 (6) (2009) 1806–1812.
[13] S.H. Yalkowsky, S. Bolton, Particle size and content uniformity, Pharmaceutical
Research 7 (9) (1990) 962–966.
[14] M.E. Sotomayer, A. Varez, B. Levenfeld, Inﬂuence of powder particle size distribution
on rheological properties of 316L powder injection moulding feedstocks, Powder
Technology 200 (2010) 30–36.
[15] N. Kotake, M. Kuboki, S. Kiya, Y. Kanda, Inﬂuence of dry and wet grinding
conditions on ﬁtness and shape particle size distribution of product in a ball
mill, Advanced Powder Technology 22 (2011) 86–92.
[16] H. Choi, W. Lee, J. Lee, H. Chung, W. Choi, Ultra-ﬁne grinding of inorganic powders
by stirred ball mill: effect of process parameters on the particle size distribution
of ground products and grinding energy efﬁciency, Metals and Materials Interna-
tional 13 (2007) 353–358.
[17] H. Mori, H. Mio, J. Kano, F. Saito, Ball mill simulation in wet grinding using a
tumbling mill and its correlation to grinding rate, Powder Technology 143–144
(2004) 230–239.
[18] S. Kim, W.S. Choi, Analysis of ball movement for research of grinding mechanism
of a stirred ball mill with 3D discrete element method, Korean Journal of Chemical
Engineering 25 (3) (2008) 585–592.
[19] S. Kim, H. Chung, H. Choi, Analysis of grinding rate constant on a stirred ball mill
using discrete element method simulation, Journal of the American Ceramic Society
92 (2) (2009) 531–534.
